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(54)ritte: FIBER-BASED FREE-SPACE OPTICAL SYSTEM 



(57) Abstract 

An optical system (10) 
has an optical package (28) op- 
erable with an acquisition, 
tracking and pointing network 

(29) , the optical package (28) 
including a coupling device 
(34/35) and an optical fiber 
(22/22a) and acting to cany 
optical signals and to transfer 
then into/ou of the fiber 
(22/22a) the fiber (22/22a) 
transferring the sigjnais from/to 
a transmitter/receiver (31/26). 
An aspect of the invention in- 
cludes a coupling device (34) 
with a housing (36) to which is 
affixed a flexure (50). A fiber 
(22) extends along the flexure 
(50) and terminates about one 
end of flexure (50). An actuator 
(42, 44) is coupled between the 
flexure (50) and the housmg 

(30) . The flexure (50) is coupled 
to a detector (66, 68) to cooper- 
ate with the actuator (42, 44) for 



^10 




driving tiie flexure (50).'The transmitter/receiver (31/26) cooperates witii tiie acquisition, tracking and pointii^ n^^k (29) tc 
control tiie coupling device (34). Bo± coherent or non-coherent detection may be employed. Vanous features and embodmiOTt! 
aredesoibed. 
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FTBFP-RASED FREE-SPACE OPTICAL SYSTEM 

Rack around of the Jnventiop 

The Government has rights in this iiivention pursua^ 
to Grant Number AF19628-85-C-0002 awarded byt:t:he Air Forcte. 
5 This application is a Continu^tion-In-Papt of 

U.S. S.N. 07/299,088 filed January 23, iSS'S.v ^ 

The present invention relates:,;^© fiber optic?s as 
applied to free-space coherent and incoherent, pptic^l^^ 

The advantages of fiber optifef J in 0rpund-fc»^sed 
10 communication systems (whether telecommunications or rgdair, 
for example) is widely recognized. However,, present sp^ce^ 
borne optical systems (such as for communications, and ;iradar^^ 
typically rely on bulJc optics, including mirrors ahd letfs 
rigidly mounted to an optical bench, to transfer light from 
15 optical sources to the exit aperture or' from the entrance 
aperture to the optical receiver. Such designs are typi^^^^^^^ 
sensitive to thermal and mechanical perturbations, ,andj^ 
substantially impact upon the host paj^oad^, and; real |^^t^ate 
utilization. . 

20 Summary of the invention ->; . 

One aspect of the present invention include® a fr^#^|^ 
space optical system having an optical package Aavi^^ ^ an 
interface with free-space and couplable ^ to an acquisition^ 
tracking and pointing network. The opti<^l package inciud^s 

25 an optical fiber connection device fop interacting vi^t^ 

communication device; the two devices cooperate to trg^f^r 
optical signals therebetween. The package is configu^^ to 
transfer the signals under guidance of the ■x^i:^oxii:--^::'tii&- 
interface with free-space. < - 

30 Various embodiments of this as;pect nfay incl&de any 

of the following features: The communication device may be 
a receiver and the optical package may inplude a*| ,;^ea?^^^^ 
nutation device. The connection device may include an optical 
fiber, and the optical package may act to transfer the opt^c^al 
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signals into the fiber by nutation. The nutation device may 
include a beam steering mirror. The nutation device may 
include an active fiber coupler. The communication device may 
include a receiver and the optical package may further include 
5 a beam steering mirror, an active fiber coupler, and an 
acquisition, tracking and pointing network. At least the 
mirror or the coupler may be nutated • The nutation device may 
be a mechanical nutation device having a housing to which is 
affixed a flexure, the fiber guided by the flexure and 

10 terminating near an exposed end of the flexure, at least one 
actuator coupled between the flexure and the housing, or the 
nutation device may utilize an electro-optic or acousto-optic 
beam deflector in conjunction with a focusing lens to transfer 
signals into the fiber. The actuator may be electromagnetic, 

15 piezo-electric or electrostatic. The nutation device may be 
driven at a mechanical resonance. The nutation device may 
further include at least one positional sensor coupled between 
the housing and the flexure. The nutation device may further 
include at least two positional sensors, output signals of 

2 0 both sensors being applied to a position sensor amplifier 
section of the optical package, where the sensor output 
signals represent positional location of the fiber and which 
information is used to maximize coupling of the optical 
signals into the core of the fiber* 

25 The communication device may be a receiver. The 

invention may further include a local oscillator and an 
optical fiber, the local oscillator providing a signal which 
is combined with the optical signal to perform coherent 
detection, and the fiber for coupling the receiver to the 

30 optical fiber connection device preferably being single-mode, 
polarization-preserving. A GaAlAs diode laser may be used as 
a local oscillator laser having an output power of 30 mW and 
operable at a wavelength of 0.8 6 micrometers. The local 
oscillator and optical signals may be combined in a fiber 

35 coupler. The combining coupler may be a 3 dB coupler. The 
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coupler may be coupled to a double balanced receiyet.^^^ T^^^^^ 
position sensor output may be fed back to a dither generator 
to compensate for changes in the respons^ of the nutation 
device. The system may include a beam steering mirror ..,.^.1^ 
5 position sensor output may be applied to a dempdulatpi?. to 
demodulate the receiver output signal, the, dfmoidUlator pi^fput 
being applied via a loop compensation net;W6tk: t^^ c 
position of the beam steering mirror. ■ ■ ^^i-t , ■ .J . .ri,^ . 

The communication device may be a traksmitter.^^ 

10 optical fiber connection device may include .an pp^c^l ftber^ 
and the optical package may further inoltade .at least. ^ 
active fiber coupler. The active fiber. coupXer. Xacilita^^^^^ 
the transfer of the optical signal f rem, t:he ^ciptipal 
connection device to a target external to the system. T^^ 

15 active fiber coupler may utilize nutation techniques . The 
active fiber coupler may be a mechanical device iricludit% a 
housing with a flexure affixed to the housing. 

The fiber may be guided by the ^exure, terminating 
near an exposed end of the flexure, At l^ast one actuator may 

20 be coupled between the flexure and the housing. The; a&^^ 
may be electromagnetic, pie2b-eleotric> ; elect^^^^ 
electooptic or acoustooptic. The active fiber c:oupler 
further include at least one positional sensor cot^pled between 
the housing and the flexure or two positional sen5prs,^;c^I>tjt 

25 signals of both sensors being applied to a pbsition sensor 
amplifier section of the optical package, such that the, ^ensb^ 
output signals are used to control the angular direction of 
the optical signal the fiber. The positional sensor p^tput 
may be used to direct the optical fiber to be used in bore- 

30 sighting the optical system. The positional sen^oi%butput ihay 
be used to direct the optical fiber to transmit a signal which 
is pointed ahead of a remote receive?- location. The poa|tion 
sensor output may be fed back to a dither gen^rattSr to 
compensate for changes in the response of the^<nutat ion device. 

35 The optical package may include an acquisition, ; tracking and 
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pointing network. 

In another aspect of the invention, where a focusing 
element focuses a received light beam at a desired focal 
point, a fiber-based receiver unit for free-space optical 
5 communication includes a tracking network and an active fiber 
coupler, A structure for translating an optical fiber is 
defined by the active fiber coupler such that the optical 
fiber has a terminus locatable approximately near the focal 
point* The active fiber coupler is disposed to radially 

10 control the translating structure to translate the optical 
fiber terminus about the focal point, the fiber intended to 
be coupled to a receiver, the active fiber coupler couplable 
via the receiver to the tracking network, the tracking network 
including actuation circuitry for assuring that the terminus 

15 of the optical fiber is maintained at or very near the focal 
point. 

Various embodiments of this aspect may include any 
of the following features: The received light beam may be 
directed to the focal point via a beam steering mirror. The 

20 active fiber coupler may be a nutation device and may include 
at least one nutation position sensor. The tracking network 
may include a loop compensation network for actively 
controlling the position of the mirror responsive to nutation 
position signals supplied by the position sensor. The 

25 nutation device nutation may be actively compensated by a 
position control network responsive to the nutation position 
signals. The position control network may include a position 
sensor amplifier and a dither generator. The receiver unit 
may further include a local oscillator, the output of which 

30 is combined with the received light beam in a fiber optic 
coupler, the output of the latter being coupled to the 
receiver. The receiver may be double balanced. The fiber 
optic coupler may be a 3dB coupler. The fiber and coupler 
nay be polarization preserving. The output of the receiver 

35 and of the position sensor may be coupled to a demodulator. 
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the receiver so coupled via a bandpe^ss filter and a detector 
for detecting the nutation signal imposed Upon the xecrpived ; 

light beam. " ; 

In another aspect of the invention, an jop^cal 
5 system for at least transmitting or receiving unguidedypplScal 
signals includes an optical packa-ge, the optical papkage 
including at least a transmitter optical fibe;: ; conh^ion 
device or a receiver optical f iber conneqtion device, at 
least a transmitter module or receiver modtol^ ^pupJ^le^^^ 

10 acquisition, tracking, and pbinting network. The transmit 

module transfers signals to the optical package 1^ me^s cf f 
the transmitter optical fiber connetetitDn de.vi.f?e> OJ^e; optical 
package is configured to transfe^4:he signals. fiver an upg^^^^ 
channel to a target external to "the optical sy^emvr The 

15 receiver module receives optical signals from the ppti?:al 
package by means of the receiver optical fibeir^bonn^ct ion 
device. The optical package is configured to ^c^^e o|,ti^l 
signals from the target via the unguided>«hannel*^ 

Various embodiments of ^ this: aspect,^ayC ,4^cii^ 

20 of the following features: The \Tac^i^^:'-m^lc%^ 

connection device may include ah optical: fi^er, arici ct^ling 
of the optical signals from the opticsgi PA^g^. into^^ 
receiver optical fiber may be facilitated by^ ©utalfeipm The 
nutation may be accomplished by radial electromagnetic 

25 piezoelectric, or electrostatic mechanical 4isplacem^t 9?^ ^' 
tip of the optical fiber, the tip be ihg located; in «: focal 
plane of a focusing element. ^E*® nutation may also be 
accomplished by electro-optic, aeou^to -optic, ;03^;.. electro- 
mechanical angular deflection dt a received bptipdl beam as 

30 a focusing element focuses the light iTifco the receiver optical 
fiber. The transmitter optical fiber connection day ^ce may 
include an optical fiber, and coupling of the optical signals 
from the transmitter optical fiber t<5^ the external;: targ^ may 
be facilitated by nutation. Angular directirbn -of the 

35 transmitted optical signals from the optical package may be 
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controlled by radial electromagnetic, piezoelectric, or 
electrostatic mechanical displacement of a tip of the 
transmitter optical fiber, the tip being located in a focal 
plane of a collimating lens. Angular direction of the 
5 transmitted optical signals from the optical package may be 
controlled by electro-optic, acousto-optic, or electro- 
mechanical angular deflection of the transmitted optical 
signals after a collimating lens has collimated the light from 
the optical fiber. 

10 In another aspect of the invention, a nutation 

device includes a housing to which a flexure is affixed. A 
fiber extends along the flexure and terminates about one end 
of the flexure. An actuator is coupled between the flex\ire 
and the housing. The flexure is coupled to a detector to 

15 cooperate with the actuator for driving the flexure at its 
mechanical resonance. The nutation device may include at 
least one position sensor and a dither generator, whereby 
changes in the device may be actively corrected so that the 
nutator will be nutated at a desired dither frequency and 

20 amplitude. 

A fiber-based transmission unit includes a lens 
element for transferring a light beam at a desired focal 
point, with an active fiber coupler and an optical fiber 
connection device (suach as an optical fiber) coupled to the 

25 active fiber coupler, the optical fiber connection device 
having a terminus approximately near the focal point, the 
active fiber coupler disposed to radially translate the 
optical fiber connection device terminus about the focal 
point, and the network including actuation circuitry for 

30 assuring that the connection device terminus is maintained at 
or very near the focal point. 

Other advantages and features will become apparent 
from the following description of the preferred embodiment and 
from the claims. 
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no.=r^-rintion of the Preferred FTnbpdiment 

First we briefly describe the drawings. 

FIG 1 is a block diagram of a fiber-based coherent 

optical system in practice of the present invention. " 

FIG. 2a is a side view of one embodiment of an 

active fiber coupler. 

FIG. 2b is a cross-sectional view of the coupler of 

FIG. 2a taken along line A-A in FIG. 2a. 



10 



15 



20 



25 



FIG 3 is a block diagram of a preferred fiber- 
based coJ>erent optical system in practice of the present 

invention. >^ .-t.*.^^' 

FIG. 4 is a block diagram of a preferred transmitter 

in practice of the present invention. 

FIG 5 is a graphical representation, of closec|-loop 
and rejection transfer functions in practice^of one embodiment 

of the present invention. - ^ - 

in a free-space optical system, optical fiber J ^ can 
enable remotely locating the transmitter laser, Jocal 
oscillator laser (in the case of coherent systems), ^nd ^he 
receiver, spaced apart from the front-end optics. This-y^e^ds 
flexibility in the mechanical, thermal, and electrical desxgn 
Which can enable reduction of size, weight . and^t^^xty 
requirements of the optical module .and can le^d t<^^ier 



integration and better utilization of the host platform- 
Key elements of a fiber optic optical module are tHe rece^er 
and transmitter subsections. The receiver preferat,^^ot only 
will perform the communication or radar signature function, 
but will also serve as a spatial tracking, sensor to the line- 
of-sight deviations induced by the host platform. • , — 
30 FIG. 1 shows a block diagram of a fiJ>^-^b^d 

coherent optical system 10 in practice of ,: the present 
invention which can perform both the communication function 
and tracking function. (Note that for non.coherent systems 
the same block diagram applies with the exception of the local 
35 oscillator 25 laser and optical coupler 24.) 
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The information-carrying light beam (or field) 12 
is collected and transmitted using a telescope and course 
pointing device, such as a gimballed optical telescope 14, so 
as to apply light beam 12, via mirror 17 of. steering mirror 
5 assembly 18, to an optical fiber 22* More particularly, when 
receiving, telescope 14 images light beam 12 via relay optics 
16 onto the sxirface of steering mirror 17, which in turn 
directs light beam 12 through A/4 wave plate 21 and diplexer 
15 and then via a focusing lens 19 to a focal point 13 (which 

10 point is desired to coincide with the exposed end of core 20 
of optical fiber 22) . 

Alternatively, when transmitting, lens 19a 
collimates light beam 12a from focal point 13a (which point 
is desired to coincide with the exposed end of core 20a of 

15 optical fiber 22a) through diplexer 15 and A/4 wave plate 21 
onto the surface of steering mirror 17, Steering mirror 17 
directs light beam 12a via relay optics 16 out telescope 14 . 

It is preferable that the free-space coupling end 
of optical fibers 22 and 22a be carried in active fiber 

20 couplers 34 and 35. Active fiber coupler 34 functions as a 
receiver signal coupler and active fiber coupler 35 functions 
as a transmitter signal coupler. It is possible that such 
devices could incorporate piezo electric or electrostatic 
technology. However, an electro-magnetic actuator is 

2 5 preferred • 

For a coherent system, as shown in FIG. l, when 
system 10 functions as a receiver, light becm 12 is combined 
with light from a local oscillator laser 25 by means of a 
fiber optic coupler 24, the combined signals are then passed 

30 via a receiver (such as a dual balanced receiver) 26 as an 
electronic signal to a communications package 28 (which 
conventionally processes the communication data supplied by 
signal light beam 12) and also to an acquisition, tracking 
and pointing network 29. Preferably, network 29 is 

35 electrically coupled to both the active fiber coupler 34 (via 
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line 144), and to an actuator assembly 30 (via line 103) which 
drives beam steering mirror 17. In sui=h embodiment, the 
acquisition, tracking and pointing network 29 acquires or 
angularly tracks the received signal beam 12 by driving mirror 
5 17 and coupler 34 so as to position light beam 12 uJ>oh core 
20 of optical fiber 22 at focal point 13 to maximize coupling 
of the light beam from free-space into the fiber. 

When system 10 functions as a transmitter , reiaotely 
located transmitter 31 provides . a signal light beam via 

10 optical fiber 22a to fiber optic coupler 35. Transmitter 31 
is controlled by (or is responsive to) an electronic' signal 
received (via line 142) from communications package 28 . 
Acquisition, tracking and pointing network 2? is connected 
(via line 101) to active fiber coupler 35; to angularly point 

15 the transmitter beam signal (light beam 12a) by radially 
displacing the core end 13a of fiber 22a to maximize coupling 
of the light beam from the fiber to a target. Again,, network 
29 also may be engaged to control the position ^of iJid^r 17^ 

as described above. 

20 As seen in FIGS. 2a, 2b> a preferred active fti^r 

coupler 34 includes a housing 36 to which are coupled magnetic 
poles 38, 40. These poles are provided jfith actuate^ joi Is 
42, 44, respectively. Active fiber coupler a4 iiya^..^t^^ 
function as a nutator. (It will be understood, howev^, that 

25 the present invention contemplates that, nutatipn^^^can be 
provided in many forms, such as via moving coils fioced 
magnets or moving magnets and fixed coils, ,.^^^:U^^^^^ 
piezoelectric, electrostatic or electrooptic devices, ^ f or 
example.) Optical fiber 22 is mounted within a flspcure 

30 element 50 and preferably terminates at a first end 5^2 R of 
flexure 50 (which is the location at which light bea^ %;S is 
applied from free-space to fiber core 20) . ^ (For cohereiit 
systems, the fiber and fiber optical coupler each- are 
preferably single mode and polar izatiori preserving. FbrVhon- 

35 coherent systems, no such coupler is . recjuire^ and Ijie f iber 
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need not be polarization preserving,) 

Coupler 34 thus may form a part of a tracking error 
sensor by employing standard nutation techniques. A dither 
generator imposes a small circular scan on coupler 34 by 
5 actuation of flexure 50 • (A larger dither amplitude increases 
tracking performance but decreases communication performance. ) 
Tracking error signals are extracted by synchronously 
detecting the amplitude of the nutation signal. The resulting 
error signals are fed back to correct for tracking errors. 

10 Flexxire 50 is flexibly coupled to housing 36 by 

means of flexing joint 51 (although we have recently 
fabricated flexxire 50 as a spring element without a joint 51, 
with good results) . Whether with or without joint 51, flexure 
50 is preferably configured to develop a desired mechanical 

15 response (amplitude and phase) at the desired nutation 
frequency. For example, the nutator will nutate at a 
frequency of approximately 10 times the desired beam steering 
mirror bandwidth. In order to use small, low power mechanical 
actuators, the mechanical resonance of the flexure can be 

20 designed to provide a mechanical amplification at the desired 
nutation frequency. This mechanical resonance feature is 
optional, although favorably incorporated into the preferred 
embodiment described herein. 

FIG. 2a shows nutation device 34 having two opposed 

25 positional sensors 66, 68* These sensors are optional, 
although they are favorably incorporated in the preferred 
embodiment described herein. 

Active fiber coupler 35 is structurally similar to 
active fiber coupler 34. However, while active fiber coupler 

30 34 desirably has a small dynamic range and a high bandwidth, 
active fiber coupler 35 desirably has a large dynamic range 
and a low bandwidth to provide high positioning accuracy. 
The dynamic range and bandwidth of couplers 34, 3 5 may be 
controlled by adjusting the stiffness of flexure 50. For 

35 example, the stiff er that flexure 50 is made, the lower the 
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low frequency amplitude and the higher th<^eson^^.t ;f recjueiicy : 
which is obtained. For the transmitter coupler, the :f lexare 
is made weak to provide high amplitude low frequ^ij.qy 
deflection, which are necessary to perform bo^esight and 
5 point-ahead functions. A bandwidth of -lOO Hz , is R^pbablY 
n»ore than sufficient to keep pace with the rate of: cl^^g^ m 
the required point-ahead angle. The dynamic range > is dif^^fted^ 
by that' needed for bores ight plus that . needeSi for poi^^^^^^ 

ahead. ' '■ ' ■■ - -'4 _ : 

Turning now to FIG. 3, a preferred embo^^^i^ of a 
fiber-based free-space optical system 10 include^te^scbpe, 
14 and relay optics 16 as well as co?mnunicatipn paqka|^ ,^r^nd ^ 
acquisition and tracking controller 82. When syst^ /lO^Ms 
functioning as a receiver, relay optics; 16 apply light beate 
15 12 to mirror 17 of beam steering mirror^ 18, which in *ui:n 
directs light 12 through A/4 waveplate 23,. and di^esfetf 15. 
When receiving, A/4 waveplate 21. converts^ vtrircular 
polarization to linear polarization, whicH^ls then directed 
via a polarization diplexer 15 toward the receiver portion of 
20 the system. Focusing lens 19 then focuses the light beam at 
focal point 13 near the end of core 2p,,pf: opt:ical fiber 22. 
The optical fiber is presented to the light be^ by means of 
fiber coupler 34 which may function as a .nutation dpyice. 

When system 10 is functioning a s^ a transmitter , the 
25 light beam which is provided near focal point 13a by ^x:or^ :20a 
of optical fiber 22a is collimated via lens 19a to provide a 
linearly polarized signal to diplexer ,15. r jypl#??^£ IS 
provides the linearly polarized signal (orthogonal to the 
received signal) to A/4 waveplate 21 which in turn px^pyJ^des 
30 a circularly polarized light beain (in the opposite senfee., pf 
the received light) to mirror 18, which in turn directs the 
light beam through relay optics 16 and out telesGope 14, : lllie 
light beam is presented to focal point 13a by meahB::c)f ^iber 
coupler 35. 

3 5 In the preferred embodiment, for a coherent syi?tem. 
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when receiving a signal, a single-mode, polarization- 
preserving fiber 2 2 preferably is used to carry light beam 12 
to a single-mode polarization-preserving coupler 70. The 
other input to coupler 70 (preferably a 3 dB coupler) contains 
5 light from a local oscillator laser 72, which is provided via 
a single-mode, polarization-preserving fiber optic cable 23. 
For non-coherent systems, the coupler and local oscillator are 
not required and the fiber need not be polarization 
preserving. optionally, a Faraday isolator 74 (and 
.0 collimating and focusing lenses 73, 75) may be used to 
minimize feedback to the local oscillator laser, since 
isolation is critical to system performance. Laser 72 may be, 
for example, a GaAlAs diode laser, having an output power of 
30 mW, operated at a wavelength of 0.86 micrometers. 
15 The local oscillator field and the applied light 

field are combined in coupler 70. The combined signal is 
carried by means of fiber outputs 76, 78 to a receiver 
(preferably a double balanced receiver) 80* This receiver, 
in turn, is electrically coupled to a communications package 
20 81 and acquisition and tracking controller 82. 

The output signal 84 of receiver 80 is applied to 
demodulator 90 of controller 82 through a noise limiting 
bandpass filter 86 and detector 88. The electrical signal 
output from detector 88 contains information relating to the 
25 dither signal imposed (via nutation device 34) onto the 
received optical power in fiber 22 and is applied to 
demodulator 90. Also, position sensor amplifier 92 couples 
information from nutation position sensors 66, 68 to 
demodulator 90. 

30 Nutation driver circuit 100 includes a dither 

generator 102 and a power amplifier 104, which, in a 
simplified embodiment of the present invention, can apply a 
constant amplitude signal (such as a sine wave) to the 
nutation driver circuit (magnets 38,40 and respective coils 

35 42,44). A constant sinusoidal signal causes the nutator to 
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oscillate in a circular manner at a desired f. frequency (such 
as 10 kHz), without any direct error compensai;ion. In the 
preferred embodiment, the nutation driver circuit 100 is 
configured to compensate for any drift in%he oliaracteri^ics 
5 of coupler 34 to ensure that fiber core 20 oscillates a 
circular manner at the desired frequency (whi^h, in th^.;case 
of the resonant fiber nutator is at or 7>ear -tl^e mecha^^^^ 
resonance). Preferably, information from pbsitio^ sensor 
amplifier 92 is applied to dither generator 102 v^ I^^^ 

10 generator 102 in turn responsively corrects for adrift ^ 
varying its output in order to drive fiber core 20 in ;OC3f^^^ 
34 in a circular scan at the desired nutation fr^e^^aancy as 
best as possible centered at focal point 13 , while, at the s^^ 
time the position sensor amplifier 92 output, appliedv to 

15 demodulator 90 will apply tracking errors via loop ooi^pensator 
94 and power amp 96 to actuator 30 of beam steering 
assembly 18 to reposition mirror 17, so as to ipply ligli^^^^^^^^i^^ 
12 as best as possible dead-center to core .20 at focal p^^^^ 

13. ■ " ; 

20 In one embodiment, diemodulator; 90 .x:9ntinually 

correlates the output from detector. 88 wi^ t?^;e^^.p^ 

fiber core 20. If the output of detector^iSS -ts^nchante 

one or more nutation cycles, then no t-epositioning signal heed 

be applied to the steering mirror actuator 30 to reppsitibn 

25 mirror 17. However, if the output of- detector 8jp Is, cha^ 
over one or more nutation cycles, then thes 
tracking error signal is applied to drive actuator 30 Jsy means 
of loop compensation and power amplifier circ;aalts 94^ -96.^ 
That is, demodulator 90 can favorably cor re iafe tji^ po|;|l:i^^ 

30 of fiber core 20 with received power to extract tJ^^i^cklng 
information, so as to provide error compensatiiqn to steering 
mirror assembly 18 to better position fodal point 13 at the 
exposed end of core 20. (While FIG. 3 is one dim^hsiona,!, it 
will be appreciated that the tracking and correlation prooiess 

35 is responsive in both azimuth and elevation.) 
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When the system is functioning as a transmitter, 
communication electronics 81 instructs (via line 102) 
transmitter 31 to provide a signal via polarization-preserving 
single-mode optical fiber 22a to active fiber coupler 35. The 
5 location of core 20a is controlled by controller 110 in 
response to a pointing command input 141 derived from 
boresight, target, and/ or ephemaris information, generated in 
any conventional manner. More specifically, sensors 66a and 
68a of fiber coupler 35 provide information to transmitter 
lO position sensor 92a. Transmitter signal generator 112 uses 
this information in conjunction- with the command input 141 to 
determine whether core 20a is correctly positioned and, if 
not, provides a control signal to power amp 114 to correct the 
core position. 

15 System 10 can, without the use of any external 

signals, automatically perform a boresight function. 
The boresight function is required in order to compensate for 
misalignments due to launch loads and on-orbit thermal and 
mechanical disturbances. Boresight may be accomplished, for 

20 example, by flipping a retro-reflector 107 into the 
transmitted beam after A/4 waveplate 21 or by directing mirror 
17 to a retro-reflector 106 located external to the optical 
system. The reflected transmitter light from the retro- 
reflector (now polarized in the opposite sense) is directed 

25 onto receiver fiber coupler 34. Using standard detection 
techniques, the transmitter fiber coupler 35 can be displaced 
xintil the power into receiver coupler 34 is maximized, thus 
accomplishing boresight. The transmitter and receiver fiber 
couplers 34, 35 may be mounted in close proximity to one 

30 another to minimize the range required for boresight. In a 
preferred embodiment, due to the close proximity of 
transmitter and receiver fiber couplers 35, 34 and the short 
optical path between the couplers, a dynamic range of 
approximately ± 5 beamwidths (or core diameters) is sufficient 

35 to accomplish the boresight function. 
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The required point-ahead angle is appjroxijnat^^^^^ 
equal to the differential tangential velocity between^^yste. 
10 and the location to which system 10 is transmitting divided 
by the speed of light. A point-ahead angl6 of - "'^^r^^ 
5 sufficient for most applications. For example, ^ antenna 
having a beamwidth of 4Mrad results in a ; dynamic range 
requirement of ± 13 beamwidths. Therefore the total required 
dynamic range is ± 18 beamwidths. For example, at 0^ 
wavelength, ± 1 beamwidths corresponds to approscimately ± 8^Ma 

10 of fiber core translation. , , 

in order to- ensure that the point-ahead angle is 
accurately implemented, high precision position sensors 66a 
68a are preferred on transmitter fiber coupler 35. High DC 
stability insures that the bores ight .position is accurately 

15 maintained. High precision and repeatabilii^y also in^ure^ 
that the proper point-ahead displacement from bore^o-ght :ls 

achieved. wi 

While actuation of the .steering; mirror asseittoly can 
be eliminated by feeding back position signals directly to the 

20 active fiber coupler 34 only, there are two r^sons foi: 
including such actuation. First, its use can increase dynamic 
range. Second, the point-ahead reguiremeisit . for . free-space 
communication systems is more easily implemented by combining 
the transmit and receive beams (with the appropriate angular 

25 offset) after the steering mirror has tracked out Pla^^^^ 
disturbances. In order to support t*^ tracking yioop 
bandwidths necessary for free-space optical communication 
systems (such as open-loop cross^over frequencies of 100 Hz 
to 1 kHz) dithering at high freqiiency (such as at 

30 approximately 1 kHz to 10 kHz) is preferred. 

Referring to FIG. 4, transmitter 31 is = shown m 
detail with a pair of lasers 120 , 122 . However , any number 
of lasers (including a single laser) may l?e used. lasers 120 
122 provide laser beams that are collimat^a and circularized 

35 using anamorphic prism pairs, sent through axi optical i^plator 
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and focused via focusing lens systems 124, 126, respectively, 
to maximize the coupling into the polarization preserving 
optical fibers 128, 130. The optical fibers are then provided 
to fiber interface device 132 (e.g., since there are two 
5 lasers, a 2:1 fiber switch or other active and passive fiber 
components) which manipulates the incoming optical signals 
(e.g., multiplexes the signals or combines the signals). The 
manipulated signal is then provided to fiber coupler 35. 
Alternately, redundancy may be provided by nesting the cores 
10 of two (or more) fibers close together within fiber coupler 
35. 

Transmitter 31 requires high coupling efficiency, 
low feedback, and redundancy. An unfortunate consequence of 
maintaining high coupling efficiency is the associated high 
15 sensitivity to feedback. In order to minimize the effects of 
feedback into transmitter lasers 120, 122, over 60 dB of 
isolation is desired. In a preferred embodiment, Fresnel 
reflections from the input and exit fiber facets can 
effectively be minimized by polishing the fiber facets on an 
20 angle and anti-reflection coating. 

FIG. 5 shows the measured closed-loop and rejection 
transfer fxinctions that were obtained in one embodiment by 
feeding back the error signal output of demodulator 90 to a 
typical, two-dimensional fast steering mirror assembly la. 
25 (These measurements apply for both azimuth and elevation 
axes.) This design included a 9 kHz dither frequency, 500 Hz 
open-loop cross— over frequency, and 43* of open-loop phase 
margin. The resulting -3 dB closed-loop bandwidth is 
approximately 1.1 kHz. 
30 It will now therefore be understood that the present 

invention makes it possible to accurately position the focal 
point 13 (or 13a) of the received field 12 (or 12a) at the 
exposed end of the fiber core 20 (or 20a) of fiber 22, (or 
22a) so as to optimally transfer light beam 12 (or 12a) from 
35 free-space into the fiber (or vice versa) . This is achieved 
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10 



15 



by means of, in one embodiment, steering the light beam b3f 
actuation of the beam steering mirror assembly 18 f arid 
generating an error signal (such as by dithering the :beam 
steering mirror or by means of separate optical detectors, 
e.g., quadrant detectors). In another embodiment impdptd 
coupling may be achieved by use of an active fiber coup^^er 
(such as a dithered nutation device) 34 :(o^ .35^>. wh^ 
responsively driven to assure accurate coupling-bf beam 12 (or 
12a) into fiber 22 (or 22a) at focal point 13 (or 13a) . I^^ 
a preferred embodiment, nutation device 34 (or 35) and 
steering mirror assembly 18 are both xesponsiv^ly controlled 
to assure accurate coupling of beam 12 (or I2a> into f iber 22 
(or 22a) at focal point 13 (or 13 a) , using a dithering 
technique for generation of error signals. 

Other embodiments are within the following claims. 

What is claimed is: 
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CIAIMS 

1 !• A satellite optical system comprising 

2 an optical package having an interface with free space and 

3 couplable to an acquisition^ tracking and pointing network, 

4 the optical package including an optical fiber connection 

5 device for interacting with a transmitter, the fiber 

6 connection device cooperating with the transmitter to transfer 

7 optical signals therebetween, the package configured for 

8 transferring the signals under guidance of the network at the 

9 interface with free-space. 



2 2. The system of claim 29 wherein the optical 

3 fiber connection device includes an optical fiber and the 

4 optical package further comprises at least one active fiber 

5 coupler, the active fiber coupler facilitating the transfer 

6 of the optical signal from the optical fiber connection device 

7 to a target external to the system • 

1 3. The system of claim 30 wherein the active fiber 

2 coupler utilizes nutation techniques* 
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4- The system of claim 30 wherein the active fiber 
coupler is a mechanical or electromagnetic device. 

5. The system of claim 30 wherein 
the active fiber coupler is a mechanical device 

3 including 

^ a housing, 

5 a flexure affixed to said housing, the fiber 

6 guided by the flexure and terminating near an exposed end of 



1 
2 

1 
2 



7 the flexure, and 



8 



1 
2 



at least one actuator ccitipl»di between^ sa^d 



9 flexure and said housing, 



6. The system of claim 33 whefeirS- said actuator 
is electromagnetic, piezo-electric, or electrostatic. 



1 7. The system of claim 30, whetei^jtiie active^^^f^^^ 

2 coupler utilizes an electro-optic or aco^to-optic-ieam 

3 deflector to control the angular direction of -the ppffcal 

4 signals from the fiber. 



1 8. The system of claim 33 wheiein the active iitoer 

2 coupler further includes at least one ! positional ^e;®^tsp^ 

3 coupled between said housing and said flexarev 

9, The system of blaim 33 wherein said active f i*>er 
coupler further includes at least two positional sensors,^ sai^ 
sensors providing output signals represfeikting^ a, positional 
location of the fiber, and said output signals be itig used t^ 

5 control the angular direction of the optical signals from the 

6 fiber. 

1 10. The system of claim 37 wherein the positional 

2 sensor output is used to direct the optical fiber during bore - 

3 sighting the optical system with a receiving optical system. 
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1 11. The system of claim 37 wherein the positional 

2 senor output directs said optical fiber to transmit a signal 

3 which is pointed ahead of a remote receiver location. 

3^ 12. The system of claim 37 wherein the positional 

2 sensor output directs said optical fiber during scanning of 

3 the optical system. 

1 13. The system of claim 29 wherein the optical 

2 package includes the acquisition, tracking, and pointing 

3 network. 

1 14. An optical system for at least transmitting or 

2 receiving unguided optical signals comprising 

3 an optical package, 

4 the optical package including at least a transmitter 

5 optical fiber connection device or a receiver optical fiber 

6 connection device, and 

7 at least a transmitter module or receiver module 

8 couplable to an acquisition, tracking, and pointing network, 

9 the transmitter module transferring signals to the 

10 optical package by means of said tramsmitter optical fiber 

11 connection device, the optical package configured to transfer 

12 said signals over an unguided channel to a target external to 

13 the optical system, 

14 the receiver module receiving optical signals from 

15 the optical package by means of said receiver optical fiber 

16 connection device, the optical package configured to receive 

17 optical signals from the target via the unguided channel. 



1 

2 
3 
4 

1 
2 
3 
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15. The system of claim 42 Iherain the r^^ive^ 
^ fiber connection device includes an optical fibber , and 
°' ni/of thl optical Signals from the o^ical.pac3c.^e,J^o 
:rr::!i"r^optLl fl^er is facilitate. .. .Ul^ti.^^^^^^^ 

16 The system of claim 43 ;^erein .^e. nutati^)h is ■ 
u^ri bv radial electromagnetic, piezoelectric, or 

4 tip b.in, Xocatea in a *o=aX>iane ,.ia *ocu4,n. 

5 element. 

17. The system of claim 43 wherein the nutation, is 
w ^ v,v electro-Optic, acquS!t9-optip, t>.o^ 

I lie Xu.a:^nec.L c. a ..cei.^. o^i=a^^ 

! ai a focusing elegant focuses the light int^ saxd xece^yer 
5 optical fiber. 

18 . The system of claim 42 wherein ^e tra^smi^r 
optical fiber connection device i-lud^s an optical fib^^^d 
coupling of the optical signals from the transmxtter^^optxcal 
^Iber t! the external target is facilitated by nutatxoxv, . 



1 
2 
3 
4 
5 



19 . The system of claim 46 wherein angular dii^^ction 
of the transmitted optical signals from the opticaXj^ge 
is controlled by radial electromagnetic. ^piez^c^^oT; 
electrostatic mechanical displacement of a 
transmitter optical fiber, said tip being located a:, a oca 1 



6 plane of a collimating lens. 



, 20 The system of claim 46 whereitt^^^gular direction 

of the transmitted optical signals from i^e,,^tacal^.^^^^ 



2 

3 is 



4 

5 



is controlled by electro-optic, acou^o-optio, 
electromagnetic angular deflection of the 
signals after a collimating lens has colltmated the Ixght from 



6 said optical fiber. 
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1 21. A fiber-based transmission unit operable with 

2 a lens element for transferring a light beam at a desired 

3 focal point, comprising 

4 a communication device whose transmissions are 

5 controllable by a control network, 

6 an active fiber coupler and an optical fiber 

7 connection device coupled to the active fiber coupler, the 

8 optical fiber connection device having a terminus 

9 approximately near the focal point, the active fiber coupler 

10 disposed to radially translate the connection device terminus 

11 about the focal point, and the network including actuation 

12 circuitry for assxiring that the connection device terminus is 

13 maintained at or very near the focal point. 
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